Tuning the tetraethylammonium sensitivity of potassium channel Kcv 
by subunit combination 
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Tetraethylammonium (TEA) is a potassium (K + ) channel inhibitor that has been extensively used as a molecular 
probe to explore the structure of channels' ion pathway. In this study, we identified that Leu70 of the virus-en- 
coded potassium channel Kcv is a key amino acid that plays an important role in regulating the channel's TEA 
sensitivity. Site-directed mutagenesis of Leu70 can change the TEA sensitivity by 1,000-fold from ^100 uM to ^100 mM. 
Because no compelling trends exist to explain this amino acid's specific interaction with TEA, the role of Leu70 at 
the binding site is likely to ensure an optimal conformation of the extracellular mouth that confers high TEA 
affinity. We further assembled the subunits of mutant and wt-Kcv into a series of heterotetramers. The differences 
in these heterochannels suggest that all of the four subunits in a Kcv channel additively participate in the TEA 
binding, and each of the four residues at the binding site independently contributes an equal binding energy. We 
therefore can present a series of mutant/ wild-type tetramer combinations that can probe TEA over three orders of 
magnitude in concentration. This study may give insight into the mechanism for the interaction between the potas- 
sium channel and its inhibitor. 



INTRODUCTION 

The virus-encoded potassium channel Kcv contains 94 
amino acids. It is among the smallest potassium channels 
discovered to date (Plugge et al., 2000; Kang et al., 2004; 
Wang et al., 201 1 ) , yet possesses conserved selectivity filter 
domains and transmembrane domains that provide simi- 
lar channel properties to other potassium channels such 
as KcsA (>60% homology in P-loop; Fig. 1 A; Plugge et al., 
2000) . Kcv has been shown to possess analogous selectivity 
(Plugge et al., 2000), voltage dependence (Gazzarrini 
et al., 2002, 2003; Shim et al., 2007; Tan et al., 2010), 
gating (Pagliuca et al., 2007; Shim et al., 2007; Abenavoli 
etal., 2009; Tan etal., 2010) , and ligand blocking (Plugge 
et al., 2000; Gazzarrini et al., 2003; Syeda et al., 2008). 
As a result, Kcv is an attractive model protein to use in 
the study of potassium channel mechanics and biophys- 
ics (Balss et al., 2008; Abenavoli et al., 2009; Tayefeh et al., 
2009; Gebhardt etal., 2011; Thiel etal., 2011). 

Essential in the determination of biophysical mecha- 
nisms is the use of inhibitors to modulate the function 
of the channel, where the modification of ionic current 
through the channel can help elucidate and explain 
interactions with the channel as well as help define the 
local chemical environment. The quaternary ammonium 
ion TEA is an important potassium channel inhibitor 
that has been extensively used as the probe to detect the 
structure of the potassium channels' ion permeation path- 
way, and its blocking properties have been well established 
for several potassium pores (MacKinnon and Yellen, 
1990; Heginbotham and MacKinnon, 1992; Choi et al., 
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1993; Bretschneider et al., 1999; Heginbotham et al., 
1999; Meuser et al., 1999, 2001). Although the effect of 
TEA on wt-Kcv at the whole-cell and single-channel levels 
had been tested (Gazzarrini et al., 2003; Syeda et al., 
2008), the binding location and the specific nature of 
the interaction including the per-subunit contribution 
to the interaction remained unknown. In the absence 
of an available crystal structure for Kcv, these characteriza- 
tions are vital for accurate cross-comparison of this model 
channel with other potassium channels. 

In this study, we first used site-directed mutagenesis 
to identify that Leu 70 of Kcv is a key amino acid that 
determines the Kcv channel's TEA sensitivity. This posi- 
tion is a homologous residue of KcsA's external TEA 
binding site Tyr82 (Meuser et al., 2001; Gazzarrini et al., 
2003) , and substitution at this position can dramatically 
alter the TEA sensitivity from 0.1 to 100 mM. We then 
used the in vitro heterochannel approach (Shim et al., 
2007; Tan et al., 2010) to assemble the subunits of mu- 
tants and wt-Kcv into a series of heterotetramers. The 
observed differences between different subunit combina- 
tions showed that all four subunits additively participate 
in the TEA binding, and each of the four residues on 
the binding site independently contributes an equal 
energy. Through the judicious choice of certain tetramer 
mutants and their combinations, we are able to report 
on a series of mutants that can provide TEA sensitivity 
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over three orders of magnitude, providing a tool for study- 
ing the inhibition of potassium channels by the inhibi- 
tor over a wide range of concentrations. 

MATERIALS AND METHODS 

Construction of the Kcv mutants 

The Kcv genes were assembled into the pGS-21a expression vector. 
The Kcv genes containing point mutations at residue Leu70 were 
constructed using the QuikChange Site-Directed Mutagenesis 
kit (Agilent Technologies) . The gene of the tagged-Kcv (N8) that 
encodes wt-Kcv with an N-terminal eight-asparagine extension has 
been constructed in a previous study (Tan et al., 2010). 

Synthesis and purification of Kcv proteins 

S 35 -labeled Kcv proteins were synthesized from coupled in vitro 
transcription and translation using the kit Escherichia coli T7 S30 
Extract System for Circular DNA (LI 130; Promega). To produce 
heterotetramers, 4 pi of mixed plasmid of tagged Kcv DNA and 
untagged Kcv DNA at various ratios was used. The radiolabeled 
Kcv tetramers were resolved on 12.5% SDS-polyacrylamide gel. 
Each tetramer was purified from the dried gel, aliquoted, and 
stored at — 20°C. The Kcv protein was synthesized using coupled 
in vitro transcription and translation, followed by tetramerization 
and separation on the SDS-polyacrylamide gel (Shim et al., 2007; 
Tan et al, 2010). 

Single-channel recording on lipid bilayer and data analysis 

The apparatus and method for single-channel recording has 
been described previously (Shim et al., 2007). In brief, the lipid 
bilayer was formed with 1,2-diphytanoylsn-glycerophosphatidyl- 
choline (Avanti Polar Lipids, Inc.) by merging two lipid monolay- 
ers over an ~100-um-wide aperture in a 25-pm-thick Teflon film 
that partitions the cis and trans chambers. The Kcv protein puri- 
fied from the gel was added to the cis chamber, which was electri- 
cally grounded (Fig. 1 B) . The recording solutions in both trans 
and cis sides contained 150 mM KC1, 10 mM Tris-Cl, pH 7.2. 
Single-channel currents were recorded with an Axopatch 200B 
patch clamp amplifier (Molecular Devices). The current was filtered 
at 1 kHz with a low-pass Bessel filter and acquired at a sampling 
rate of 20 kHz. The current amplitude was determined by fitting 



the all-points histogram with the Gaussian distribution. The inhibi- 
tion constant ICr M was defined as the concentration of TEA that 
provides a 50% inhibition to the single-channel open current 
and was obtained by fitting the dose-response data with the 
single-component Langmuir equation 



/// 0 =/C 50 /([TEA] + /C 50 ), 



(1) 



where Io and / are current amplitudes in the absence and pres- 
ence of TEA. Each current trace under a specific condition was 
independently collected at least three times based on different 
channels. The results were shown as mean ± SD. Experiments were 
conducted at ~22°C. 

Online supplemental material 

Fig. SI illustrates the current-voltage relationship (I-V curves) for 
wt-Kcv and all Leu70 substitutions. Fig. S2 analyzes the correlation 
between cis TEA sensitivity and current amplitude at ±60 mV. Fig. S3 
analyzes the correlation between cis TEA sensitivity and amino 
acid hydrophobicity. Fig. S4 shows the weak voltage dependence 
of cis TEA sensitivity for wt-Kcv and selected Leu70 substitutions. 
Fig. S5 characterizes the effect of TEA in increasing the open prob- 
ability of Kcv. Fig. S6 analyzes the relative error for the wide dynamic 
range composite biosensor formed by tunable ion channels. The 
supplemental text interprets the discrepancy in TEA sensitivities 
measured by different methods, describes the principle of ion 
channel-based composite biosensors for detection of targets in a 
wide dynamic concentration range, and deducts the expressions 
for calculating the sensitivity zone boundary in an ion channel 
sensor. Online supplemental material is available at http://www 
.jgp.org/cgi/content/full/jgp.201110725/DCl. 



RESULTS 

Regulation of Kcv's TEA sensitivity by Leu70 substitutions 

In our Kcv experiments, the protein of Kcv tetramers 
was added to the cis solution, from which it was inserted 
into the membrane (Fig. 1 B) . Fig. 2 (A and B) shows 
single-channel current traces of Kcv at — 60 mV and 60 mV 
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Figure 1 . Structure of Kcv and its orientation in the lipid bilayer. (A) Comparison of the KcsA and Kcv protein sequences between two 
transmembrane domains, including the pore helix and the selectivity filter (top). The arrangement of different domains in Kcv was 
predicted based on the KcsA structure (bottom). Leu70 is marked in red. (B) Orientation of the Kcv channel in the lipid bilayer, as 
demonstrated by a series of experiments. 
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Figure 2. Inhibition of the wt-Kcv K + channel by TEA. 
Single-channel currents were recorded in symmetric 
solutions containing 150 mM KC1 buffered with 10 mM 
Tris, pH 7.2. (A and B) Current traces in the presence 
of different TEA concentrations added from the cis 
solution (A) and trans solution (B) at —60 mV (left) and 
60 mV (right) . (C) Inhibition percentage (// 1 0 ) in vari- 
ous TEA concentrations measured from traces shown 
in A and B. Closed circles indicate cis TEA, —60 mV; 
closed boxes indicate cis TEA, 60 mV; open circles in- 
dicate trans TEA, —60 mV; open boxes indicate trans 
TEA, 60 mV. Data are presented as mean ± SD. 



with various concentrations of TEA added to the cis or 
trans solution, whereas Fig. 2 C shows the binding curves, 
i.e., TEA concentration-dependent current reduction 
(I/Iq) ■ The binding curves indicate that both cis and trans 
TEA can inhibit the Kcv channel, but their sensitivities 
are completely different. IC$o for the cis TEA was 0.098 ± 
0.02 mM at -60 mV and 0.41 ± 0.03 mM at 60 mV, 
whereas 7C 5 o for the trans TEA was 47 ± 11 mM at —60 mV 
and 1 3 ± 2 mM at 60 mV. Thus, the inhibition of Kcv 
by cis TEA was two orders of magnitude higher than by 
trans TEA 

It is known that Tyr82 in KcsA or Phe449 in Shaker are 
key amino acids required for high sensitivity to external 
TEA, and substitutions on these sites can significantly 



alter TEA's ability to inhibit the channel (Heginbotham 
and MacKinnon, 1992; Meuser et al., 2001). Structurally, 
these sites are equivalent to Leu70 of Kcv within the en- 
trance to the selectivity filter (Fig. 1 A) , and therefore 
this amino acid was modified using site-directed muta- 
genesis. As shown in Fig. 3, the substitution of Leu 70 with 
tyrosine (L70Y) decreased the cis TEA sensitivity by sev- 
enfold to 0.74 ± 0.09 mM ( -60 mV) , and the substitution 
by alanine (L70A) sharply decreased the sensitivity by 
450-fold to 45 ± 5 mM (-60 mV). In contrast, the trans 
TEA sensitivity of L70Y (20 + 4 mM, 60 mV) and L70A 
(15 ± 2 mM, 60 mV) remained unchanged compared 
with wt-Kcv (13 ± 2 mM). Thus, the substitution in this 
Kcv domain can significantly alter the cis TEA sensitivity 
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Figure 3. Comparison of TEA inhibition 
between Kcv and substitutions L70Y and 
L70A. 150 mM KC1 buffered with 10 mM 
Tris, pH 7.2. (A) IC 50 at various voltages 
for wt-Kcv, cis TEA (closed circles); 
L70Y, cis TEA (closed boxes); L70A, 
cis TEA (closed triangles); wt-Kcv, trans 
TEA (open circles); L70Y, trans TEA 
(open boxes); and L70A, trans TEA 
(open triangles) . (B) Vertical bar com- 
parison of TEA sensitivity from the cis 
and trans sides at ±60 mV for wt-Kcv, 
L70Y, and L70A. Data points are pre- 
sented as mean ± SD. 
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Figure 4. Single-channel current changes by MTSET for the cysteine substitution L70C. 0.2 mM MESET was added from the cis side. 
(A and B) -60 mV (A) and +60 mV (B) in the absence (left) and in the presence of MTSET (right). 



but has little effect on the trans TEA sensitivity, verifying 
the cis exposure of Kcv's substituted domain at Leu70 
(Fig. 1 B). This directionality of Kcv is similar to KcsA, 
which upon being reconstituted from the cis side of the 
lipid bilayer (Heginbotham et al., 1999), has its extra- 
cellular domain face the cis solution. 

The orientation of Kcv was also confirmed using a 
chemical modification method. Methanethiosulfonates 
are common water-soluble sulfhydryl-modifying reagents 
that can react with cysteine residues. We therefore con- 
structed substitution L70C and introduced the cationic 
( 2- ( trimethylammonium) ethyl) methanethiosulfonate 
(MTSET; bromide salt) to either cis or trans solution. 
After addition of cis MTSET for 5 min, the conductance 
of L70C was reduced by 78% at -60 mV (Fig. 4 A) 
and by 30% at 60 mV (Fig. 4 B) . By comparison, MTSET 
added in the trans solution was not found to reduce the 
conductance of Kcv (not depicted). Therefore, MTSET 
lowers the conductance to a greater degree in the cis to 
trans direction. This rectification is similar to KcsA, in 
which MTSET reduced 60% of the cis to trans current 
of Y82C while retaining the current in the reverse direc- 
tion unchanged (Heginbotham et al., 1999). In the con- 
trol experiment, we did not observe the conductance 
change of the wt-Kcv channel in the presence of 0.2 mM 
cis MTSET, suggesting that MTSET cannot react with 
wt-Kcv. wt-Kcv also possesses a cysteine at Cys52, but com- 
pared with the homologous location within the structure 
of KcsA, this amino acid is likely buried in the pore helix 
outside Kcv's selectivity filter and should be inaccessible 
to MTSET. Overall, the result of cysteine modification 
confirms the location of Leu70 near the cis entrances 
of wt-Kcv. 

The aforementioned findings suggest the importance 
of the residue at position 70 in regulating TEA sensitivity. 
To investigate how the amino acid in this position regu- 
lates TEA binding, we constructed a variety of Kcv substi- 
tutions and tested homotetramers for their TEA sensitivity. 
As shown in Table 1 and compared in Fig. 5, the TEA 



sensitivity of all channels varied broadly over three orders 
of magnitude from 0.09 to 90 mM, with wt-Kcv possess- 
ing the highest TEA sensitivity. Relative to wt-Kcv, the sen- 
sitivity decreased by seven- to 86-fold for the aromatic 
substitutions (L70Y, F, H, and W) , 68- to 450-fold for the 
nonpolar substitutions (L70M, I, V, and A) , 45- to 230-fold 
for polar substitutions (L70C, S, and T) , and 900-fold for 
the charged substitution (L70E). The /C50 values have 
no correlation with the current amplitude among all 
channels (Fig. SI for I-V curves and Fig. S2 for I-IQ^ plot) , 
suggesting that the intensity of K + flow does not influ- 
ence the TEA sensitivity. Also, the very low TEA sensitivity 
of L70E suggests that the electrostatic interaction may 
not be a major contribution to the binding of TEA. We 
further calculated relative electric distance 8 based on the 
voltage dependence of TEA sensitivity (Fig. S4) . Similar 
to the small 8 between 0.16 and 0.21 observed for KcsA 
(Meuser et al., 2001 ) , the TEA sensitivities for both wt-Kcv 
and its substitutions were weakly voltage dependent with 
a 8 between 0 and 0.1 for negative voltage data and 0.16 
and 0.29 for positive voltage data (Table 1), suggesting 
that there is a TEA-binding site near the cis surface of the 
Kcv channel where Leu70 is located (Fig. 1 B) . 
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Figure 5. Comparison of inhibition of wt-Kcv and various Leu70 
substitutions by the cis (external) TEA. Data were plotted as 
pIQo = -log(IC m ). 
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Tuning the TEA sensitivity by manipulating 
subunit composition 

Up until this point, we have exclusively discussed homo- 
tetramers of Kcv. To further elucidate the mechanism of 
TEA binding, we next considered the effect of changing 
a single subunit in the Kcv tetramer. By synthesizing com- 
binations of high sensitivity L70 subunits and low sensi- 
tivity L70A subunits, we can determine the per-subunit 
contribution to TEA sensitivity using the heterotetramer- 
ization method (Tan etal., 2010). In brief, Kcv proteins 
with high and low TEA sensitivities were coassembled into 
a series of heterotetramers, each with a specific subunit 
composition. All types of tetramers were purified using 
electrophoresis, and their channel activities were exam- 
ined individually (Shim et al., 2007; Tan et al., 2010) . L70A 
had one of the lowest TEA sensitivities among the tested 
mutants and was thus used as the TEA-insensitive subunit. 
We have previously synthesized N8, a wt-Kcv with an eight- 
asparagine extension at the N terminus. This variant re- 
tains the properties of wt-Kcv, including conductance, 
K + selectivity, and highest TEA affinity (described in the 
next section) , while allowing formation and separation 
of hetero-Kcv channels with mutant subunits (Tan et al., 
2010). Therefore, N8 was selected to serve as the TEA- 
sensitive subunit. 

By manipulating the L70A/N8 plasmid ratios, we were 
able to create a series of heterotetramers that split into 
five bands on the electrophoresis gel (Fig. 6 A) , which 
correspond to all subunit combinations, L7OA4, L70A 3 N8i, 



L70A 2 N8 2 , L70A!N8 3 , and N8 4 . Fig. 6 B showed the cur- 
rent traces for the five tetramers in the absence of external 
TEA (top) and at a TEA concentration around IQo (bot- 
tom) . Based on TEA concentration-dependent inhibition 
(Fig. 6 C) , /C50 was calculated (Table 2) . The homotetra- 
mer L7OA4 without Leu70 has the highest IQo (lowest 
sensitivity) of 45 ± 7 mM. In contrast, N84 with all four 
Leu70 residues has the lowest IC50 of 0.11 ± 0.02 mM 
(identical to wt-Kcv as in Table 1). We identified that 
/C50 for three heterochannels decreased with the number 
of N8 subunits in the tetramer: L70A 3 N8i, 8.5 + 1.2 mM; 
L70A 2 N8 2 , 1.3 ± 0.2 mM; and L70A!N8 3 , 0.34 ± 0.2 mM. 

To understand whether different subunits coopera- 
tively or independently interact with TEA, we calculated 
the free energy AG from IQ,o for each tetramer by AG = 
—RTlnlCso (IC50 was used as the apparent dissociation 
constant K^). As shown in Fig. 6 D, AG was found to 
stepwise increase with the number of N8 (Leu70 con- 
taining) subunits. This correlation can be fitted linearly 
by Eq. 2: 

=(4-n)AG A + nAG L 

= (4 — n)A G A + n(A G A + AAG) ( 2 ) 
= 4AG A +nAAG. 

In this expression, AG is the energy for a tetramer with 
n N8 and 4 — n L70A subunits. AG A and AG;, are ener- 
gies contributed by one L70A or N8 subunit. Their dif- 
ference, AAG, is the energy increase for the addition of 



TABLE 1 





Inhibition constant IC; 0 


and transmembrane 


electric distance for 


wt-Kcv and various 


Leu 70 mutants 




Residue type and mutant 


/(-60mV) 


IQo (-60 mV) 


8(-V) 


7(60 mV) 


IQo (60 mV) 


8 (+V) 




pA 


mM 




P A 


mM 




Aromatic 














L70Y 


-15.7 ± 1.2 


0.74 ±0.09 


0.06 


16.3 ± 1.1 


1.9 ±0.2 


0.25 


L70F 


-17.6 ±0.8 


0.86 ± 0.07 


0.09 


15.9 ± 1.2 


2.0 ±0.2 


0.26 


L70H 


-6.51 ± 0.42 


3.3 ± 0.5 


0.00 


12.6 ± 1.5 


.3.6 ± 0.7 


0.16 


L70W 


-15.0 ±0.9 


8.6 ±0.7 


0.09 


14.1 ±0.7 


22 ±3 


0.27 


Nonpolar 














wt (L70) 


-5.43 + 1.3 


0.098 ± 0.02 


0.12 


12.0 ± 1.1 


0.41 ± 0.03 


0.29 


L70M 


-10.4 ±0.6 


6.8 ± 1.1 


0.15 


11.4 ±0.6 


19 ±2 


0.22 


L70I 


-9.81 ± 1.10 


9.8 ±0.7 


0.06 


13.7 ± 0.4 


18 ±2 


0.21 


L70V 


-12.5 ±0.4 


17 ±3 


0.09 


15.1 ±0.9 


31 ±4 


0.23 


L70A 


-11.3 ±1.2 


45 ± 5 


0.08 


13.9 ± 1.1 


72 ± 18 


0.22 


Polar 














L70C 


-16.4 ±0.6 


4.9 ±0.2 


0.06 


14.8 ±0.2 


12±2 


0.23 


L70S 


-13.4 ± 1.2 


14 ±2 


0.00 


15.8 ± 1.0 


21 ±4 


0.21 


L70T 


-13.3 ±0.8 


23 ±4 


0.12 


17.6 ±0.7 


41 ± 7 


0.25 


Charged 














L70K a 


ND 


ND 


ND 


4.48 ± 0.28 


NS 


ND 


L70E 


-11.5 ±0.6 


79 ± 11 


ND 


12.8 ± 1.1 


NS 


ND 



The relative electrical distance 8 was calculated from the voltage dependence of IC^q according to the Woodhull equation I/I 0 (V) = /// 0 (0)exp{ — z&FV/RT), 
where %- 1 is the valence of TEA, i^is the Faraday constant, i?is the gas constant, and T is the temperature (in K). 
a The negative current of L70K was not observed; thus, the TEA sensitivity cannot be determined. 
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each Leu70-containing subunit in the tetramer; the best 
fit gave AAG = 3.7 ± 0.8 kj-mol . This result suggests 
that each subunit with a Leu70 residue contributes equal 
energy to the interactions in TEA binding and addi- 
tively modulates the TEA sensitivity without significant 
intersubunit cooperation. 

Finally, to examine whether the additive mechanism 
applies to other types of residue at position 70 involved in 



TEA binding, we formed tagged L70Y (tL70Y) . As a mark 
of consistency between experiments, the homotetra- 
mer of tL70Y retained the same TEA sensitivity (Table 2) 
as L70Y without a tag that has been studied above 
(Table 1). The coexpressed L70A/tL70Ytetramers with 
five-subunit combinations were purified from the elec- 
trophoresis gel (Fig. 7 A) , and their inhibition by TEA 
was examined individually (Fig. 7, B and C) so that their 
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Figure 6. Inhibition of L70A/N8 homo- and heterochannels by external TEA. (A) Electrophoretical separation of five L70A/N8 tetra- 
mers. The coexpressing S 3o -labeled proteins were run on a 12.5% SDS-polyacrylamide gel for 16 h. Lanes A through E were tetramers 
formed at L70A/N8 plasmid ratios of 4:0, 3:1, 2:2, 1:3, and 0:4. The identified five bands corresponded to all subunit combinations, 
L70A4.„N8„, where n is the number of N8 subunits in the tetramer, n= 0, 1, 2, 3, and 4. Although there is some overlap in the bands, the 
lack of any overlap in the data collected using excised tetramers indicates that the correct single tetramers were used for the experiments 
in B and C, and each type of tetramer has specific conductance, as reported previously (Tan et al., 2010). (B) Current traces for L70A/ 
N8 co-tetramers with five-subunit combinations purified from the gel in A (—60 mV). For each tetramer, the top trace was recorded 
without TEA and the bottom trace with external TEA at a concentration around 7C 50 . (C) TEA concentration-dependent inhibition 
fraction for the five L70A/N8 co-tetramers. Data points are presented as mean ± SD. (D) TEA binding energy AGfor each type of L70A/ 
N8 co-tetramer, as calculated from IC m . 
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IQo could be calculated (Table 2) . Similar to the L70A/ 
N8 system, we also observed a monotonic increase in TEA 
sensitivity with the number of Tyr70 subunits. The energy 
AG was also shown to stepwise increase and was linearly 
correlated with the number of Tyr70 subunits (Fig. 7 D) . 
The addition of each Tyr70 to the channel increases the 
binding energy at an incremental AAG of 2.5 ± 0.4 
kj-mol -1 . Therefore, TEA binding once again follows 
the additivity model: each subunit with Tyr70 contributes 
equally and independently to the TEA sensitivity. 

DISCUSSION 

TEA sensitivity and Kcv directionality in the lipid bilayer 

Kcv demonstrates asymmetrical TEA sensitivity, with cis 
TEA being >1 00-fold more potent than trans TEA. To 
determine the directionality of Kcv in the lipid bilayer, 
we have measured a series of Leu70 substitutions. This 
position was chosen because it corresponds to the TEA- 
binding site Y82 in KcsA according to sequence homology 
analysis (Fig. 1 A; Gazzarrini et al., 2003). Indeed, the 
amino acids at position 70 were found to be able to reg- 
ulate the binding of TEA to Kcv, but the effect depends 
on the sideness: substitutions of Leu70 decreased the 
cis TEA sensitivity by hundreds of folds, whereas their 
trans TEA sensitivities were almost unchanged (Fig. 3) . 
Therefore, Leu70 is expected to face the cis side of the 
bilayer, which was further confirmed through the MTSET 
chemical modification method (Fig. 4). 

By establishing the directionality of the embedded 
channel, we are now able to compare with previous stud- 
ies. A low TEA sensitivity has been reported for Kcv re- 
constituted into a droplet-interface bilayer (Syeda et al., 
2008) . In that work, Kcv was in the suspended droplet, 

TABLE 2 

IC50, A G, and AA G for binding of external TEA to L 70A/N8 and 
L70A/tL70Y tetramers at -60 mV 



Homo- or 7C 50 AG A AC 

heterote trainers 





mM 


kJ-moV 1 


kJ-moV 1 


L70A/N8 








L70A4 


45 ±7 


7.60 


NA 


L70A 3 N8i 


8.5 + 1.2 


11.7 


4,1 


L70A 2 N8 2 


1.3 ±0.2 


16.3 


4.6 


L70A,N8 3 


0.34 ± 0.02 


19.6 


3.3 


N8 4 


0.11 ± 0.02 


22.4 


2.8 


L70A/tL70Y 








L70A4 


44 ±6 


7.66 


NA 


L70A 3 tL70Y! 


16 ±3 


10.1 


2.5 


L70A 2 tL70Y 2 


5.9 ± 0.4 


12.6 


2.4 


L70A,tL70Y 3 


1.8 ±0.2 


15.5 


2.9 


tL70Y 4 


0.83 ±0.17 


17.4 


1.9 



"The mean value of AAGwas 3.7 ± 0.8 kj-mol 1 for the L70A/N8 tetramers 
and 2.4 ± 0.4 kj-mor 1 for the L70A/tL70Y tetramers. 



whereas TEA was presented in the microwell on the op- 
posite side of the bilayer. This corresponds to trans TEA 
or intracellular TEA in our configuration (Fig. 1 B). In- 
deed, the sensitivity reported in that work (70% block- 
age at 15 mM) is very similar to that for trans TEA (70% 
blockage at 19 mM) in our study (Figs. 2 and 3) . Another 
low TEA sensitivity was reported for Kcv expressed in 
Xenopus laeuis oocytes and studied using whole-cell record- 
ing (Gazzarrini et al., 2003) . In that work, 10 mM exter- 
nal TEA only reduced the whole-cell current by 30-40%. 
This discrepancy between single-channel and whole-cell 
results could involve divergent mechanisms because of 
their different channel reconstitution systems and re- 
cording methods. However, one reason for the difference 
could be that TEA can increase the open probability of 
Kcv (Fig. S5) . This effect may influence the apparent 
whole-cell current reduction, causing a large difference 
between single-channel and whole-cell measurements 
(Supplemental text, Interpretation of discrepancy in TEA 
sensitivities measured by different methods) . TEA can 
also increase the open probability of other K + channels 
such as Shaker and Kv2.1 (Choi et al., 1991; Molina et al., 
1997; Andalib et al., 2004) . This effect is caused by TEA 
slowing the C-type inactivation. It has been suggested 
that the C-type inactivation involves a conformational 
change and structural constriction at the channel's ex- 
ternal mouth (Liu et al., 1996) . The binding of external 
TEA may prevent this constriction via a "foot in the 
door" model (Molina etal., 1997; Andalib etal., 2004) and 
slow die inactivation. The selectivity filter of K + channels 
is also implicated in the C-type inactivation (Kiss and 
Korn, 1998, Kiss et al., 1999). Simulation experiments 
have also suggested that the filter itself acts as a gate 
(Berneche and Roux, 2005) because of the rearrange- 
ment of certain residues in the filter, which strengthens 
the coordination with the K + ion at a binding site. This 
rearrangement prevents the transition from one K + 
occupying configuration to another, thereby inducing 
the nonconducting state (Berneche and Roux, 2005). If 
such a filter gating modulates the C-type inactivation, the 
binding of TEA to the external mouth may affect the K + 
occupancy in the selectivity filter by antagonizing the 
transition to the nonconducting state, thus slowing the 
C-type inactivation (Crouzy et al., 2001; Thompson and 
Begenisich, 2003). In the Kcv channel, which has a very 
short N terminus (Plugge et al., 2000) , this C-type in- 
activation may play an important role in channel gating. 
Therefore, it would be very interesting to investigate 
whether Kcv undergoes the C-type inactivation through 
filter gating and how the binding of external TEA to 
L70 affects Kcv gating. 

Role of Leu70 in TEA sensitivity 

The large variability of TEA sensitivity among Leu70 
mutants suggests that this amino acid plays a crucial role 
in TEA binding. However, this variability alone still lacks a 
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solid trend that is sufficient to shed light on the binding 
mechanism. It has been suggested that cation-ir inter- 
action is involved in the binding of TEA to K + channels 
(Heginbotham and MacKinnon, 1992; Ahern et al., 2006) . 
However, the TEA sensitivities of our aromatic L70Y 
(0.74 mM) andL70F (0.86 mM) are about sevenfold lower 
than that of wt-Kcvwith Leu70 (0.1 mM) . Simulation anal- 
yses on KcsA have showed that the high affinity could 
be attributed to the stabilizing hydrophobic interaction, 
rather than the cation-ir interaction, between TEA and 
the K + channel (Crouzy et al., 2001 ; Luzhkov and Aqvist, 
2001; Guidoni and Carloni, 2002) . However, except wt-Kcv 



with Leu70, no nonpolar substitutions we made (L70M, 
I, V, and A) showed high TEA sensitivity. Also, there was 
no correlation between the residue hydrophobicity and 
/C 50 (r 2 = 0.083; Fig. S3). Many other factors such as 
hydration force (Crouzy et al., 2001) and van der Waals 
contact (Lenaeus et al., 2005) were also shown to play 
important roles in extracellular TEA binding. These mul- 
tifactor effects on TEA binding to Kcv may be precisely 
dissected in the future relying on crystal structures and 
molecular dynamics simulation, but our comprehensive 
mutagenesis study will provide abundant biological data 
for these investigations. In the absence of compelling 
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Figure 7. Inhibition of L70A/ tL70Y homo- and heterochannels by external TEA. (A) Electrophoretical separation of five homo- and 
heterotetramers formed by coexpressing L70A and tL70Y proteins on the 12.5% SDS-polyacrylamide gel. (B) Current traces for L70A/ 
tL70Y co-tetramers with five-subunit combinations ( — 60 mV) . For each tetramer, the top trace was recorded without TEA and the bottom 
one with the external TEA around 7C 50 . (C) TEA concentration-dependent inhibition fraction for the five L70A/tL70Y co-tetramers. 
Data points are presented as mean ± SD. (D) TEA binding energy AG for each type of L70A/tL70Y co-tetramer, as calculated from IC m . 
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trends for cation-TT interactions or for hydrophobic inter- 
actions, we consider the outlier Leu70 (Fig. S3) as an evo- 
lutionarily selected amino acid presented in the wt-Kcv 
to help the extracellular entrance of channel to adopt 
an optimal conformation that happens to be energeti- 
cally favorable for TEA binding. 

Additive contribution of subunits to TEA sensitivity 

We have demonstrated a set of five heterotetramers of 
Kcv. Based on their quantitative analysis, each subunit in 
a channel contributes equal energy to the TEA binding 
affinity (Figs. 6 and 7) . The subunit additivity mechanism 
has also been identified in other K + channels such as 
RBK1 (Kavanaugh et al., 1992) and Shaker (Heginbotham 
and MacKinnon, 1992) . These channels have been stud- 
ied using more complicated heterochannel methods 
including coexpression and tandem constructs. AAGfor 
each tyrosine-containing RBK1 subunit (3.0 ± 2.0 kj-mol -1 ; 
Kavanaugh et al., 1992) is consistent with our result for 
each Leu70-containing (3.7 + 0.8 kJ-moE 1 ) and Tyr70- 
containing (2.4 ± 0.4 kJ-moE 1 ) Kcv subunits. However, 
this RBK1 result was associated with a much larger vari- 
ability (1.7-5.8 kf-moE 1 ), which indicates that there is 
some component of simultaneous interaction of TEA 
with multiple subunits (Kavanaugh et al., 1992). Overall, 
the additive regulation of TEA affinity uncovered in sev- 
eral K + channels suggests a common mechanism for chan- 
nel inhibition. Such additivity may also be related to the 
structural symmetry of inhibitors. For instance, the sym- 
metric TEA can simultaneously bind to each subunit of 
a K + channel with fourfold symmetry, whereas the asym- 
metric charybdotoxin can strongly bind only one sub- 
unit of Shaker channel (MacKinnon, 1991). 

In summary, Kcv can be used as a model potassium 
channel because of its small structure and ease of chan- 
nel manipulation, purification, and formation. In this 
work, we have identified the key amino acid involved in 
binding of TEA to Kcv. The defined set of five heterotetra- 
mers allows the change of the local chemical environment 
around the binding site in a reproducible and predict- 
able way and therefore characterizing the additive na- 
ture of each subunit in TEA binding. Future work with 
this set can more precisely model this environment: fluo- 
rinated amino acids can be used to more precisely probe 
inhibitor binding (Ahern et al., 2006), and ab initio cal- 
culations can demonstrate more precisely the mechanical 
interactions in these mosaic channels. The heterochan- 
nel method can be adapted to elucidate binding mech- 
anisms for various molecular blockers with K + channels 
(Syeda et al., 2008), which has implications for both 
physiology research and pharmacology development. 
Beyond the field of physiology, the ability to continu- 
ously tune the target sensitivity by manipulating subunit 
composition could be useful in ion channel-based bio- 
sensors. In general, ion channels and protein pores can 
be engineered as biosensors for a variety of important 



targets (Bayley and Cremer, 2001; Gu and Shim, 2010), 
but they may have a limited sensitivity range. If each het- 
erochannel has a specific sensitivity range, the group of 
these heterochannels as a set could be used in tandem 
to expand the accurate sensitivity range. As a result, this 
set of channels could be developed as a biosensor ca- 
pable of detecting targets over a much wider concentra- 
tion range than is possible with a single pore (Fig. S6 
and Supplemental text, Principle of ion channel-based 
composite biosensors for detection of targets in a wide 
dynamic concentration range) . In future studies, the bio- 
sensor model that has been established based on the Kcv/ 
TEA system could be adapted for different channels and 
for use in the detection of various targets of interest. 
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